To test the hypothesis that RNA interference (RNAi) imposes diversifying selection on RNA virus genomes, we quantified West Nile virus (WNV) quasispecies diversity after passage in Drosophila cells in which RNAi was left intact, depleted, or stimulated against WNV. As predicted, WNV diversity was significantly lower in RNAi-depleted cells and significantly greater in RNAistimulated cells relative to that in controls. These findings reveal that an innate immune defense can shape viral population structure.
W
ithin hosts, RNA viruses exist as a dynamic population of closely related viral variants termed a quasispecies. Because quasispecies structure affects both pathogenesis and therapeutic responsiveness, considerable attention has been devoted to identifying host responses that shape quasispecies diversity (1, 2) . To date, the majority of this work has focused on the impact of vertebrate adaptive immune responses on virus diversification, particularly with regard to single host viruses that establish chronic infections (e.g., HIV and hepatitis C virus) (3) (4) (5) (6) (7) . Arthropodborne viruses, such as West Nile virus (WNV [genus Flavivirus]), transiently infect vertebrate hosts but establish chronic infections in invertebrate vectors that lack adaptive immunity. Yet it is known that arthropod vectors can still contribute to flavivirus quasispecies complexity (8, 9) . Arthropods defend against viral infections through several innate immune mechanisms, the most important of which is the exogenous small interfering RNA (exosiRNA) pathway (10) . This evolutionarily conserved pathway is highly sequence specific, and single nucleotide mismatches between the siRNA and target sequence, as well as mutations that alter secondary structure in the targeted sequence, can reduce or abolish silencing efficacy (11, 12) . Both Drosophila melanogaster and mosquitoes lacking a functional exo-siRNA pathway are significantly more susceptible and often succumb to viral infection (13) (14) (15) (16) . Direct exo-siRNA targeting of the viral RNA genome has been demonstrated for WNV in infected mosquitoes (17) . Furthermore, it has been observed that increased mutational diversity is associated with intense exo-siRNA-mediated targeting of the WNV genome in mosquitoes and that highly genetically diverse WNV populations are more fit in mosquitoes (17, 18) . Together, these findings suggest that due to its potency and sequence specificity, the RNAi pathway may shape the rate and mode of viral evolution. Therefore, we directly assessed the impact of the exosiRNA pathway on shaping WNV populations passaged on cells with either an intact, depleted, or stimulated exo-siRNA pathway.
To accomplish this, Drosophila S2 cells were treated with a control double-stranded RNA (dsRNA), dsLuc, a dsRNA specific for one of two major components of the exo-siRNA pathway, Dicer-2 (dsDcr2) and Argonaute-2 (dsAgo2), or with anti-WNV dsRNA (dsRNA directed to the same region of the genome as the sequencing amplicons), using the soaking method (Tables 1 and 2 ) (19) (20) (21) (22) . Using this approach, we were able to achieve ϳ80% suppression of each gene. One-step growth curve analysis of WNV (derived from infectious clone NY99 [23] ) following a triple treatment of dsRNA (16 h prior to infection, 1 h postinfection, and 3 days postinfection [dpi]) revealed no significant difference in WNV titers between the dsDcr2 and dsAgo2 and the dsLuc control group, consistent with previously published findings (20) . Conversely, when WNV-specific dsRNA was administered to the cells, WNV titers were significantly reduced at early time points but eventually rebounded to control-treated levels by 6 dpi (data not shown). Because we had previously demonstrated the time course of effective dsRNA-mediated silencing of Dcr2 and Ago2 protein levels in S2 cells, suppression was confirmed by quantitative reverse transcription-PCR (qRT-PCR) in these studies (24) .
Subsequently, we examined the effect of knockdown on WNV population diversity. A 438-bp amplicon spanning the 5= untranslated region (UTR)-capsid-premembrane of WNV from populations produced after a single round of infection or five passages in a Barcodes A and B were added to the 5= end of every forward (F) and reverse (R) amplicon primer, respectively. b Roche Barcode identifiers were added 3= of the adaptors so that samples could be pooled. c Viral priming sequences found at the 3= end of the amplicon primers. RNA interference (RNAi)-depleted and RNAi-intact S2 cells were sequenced by pyrosequencing. Using the highly sensitive viral variant caller V-phaser (25), we quantified two diversity estimates: the percentage of polymorphic sites normalized to sequencing coverage and the Shannon-Wiener diversity (H) and evenness (E) estimates. No differences in percentages of polymorphic sites were observed for populations of WNV derived from a single passage (p1) in Dcr2-or Ago2-depleted cells (WNV p1) (Fig. 1A) . However, when passaged five times (p5), WNV populations from cells treated with dsDcr2 and dsAgo2 showed significant reductions in the percentage of polymorphic sites compared to populations passaged in cells treated with dsLuc (Dcr2, P ϭ 0.03; Ago2, P ϭ 0.03) (Fig. 1B) . Additionally, WNV populations passaged in dsDcr2-and dsAgo2-treated cells were lower in both diversity and evenness than the dsLuc controls, but these differences were not significant (Fig. 1C and D, respectively) . Baseline error rates for the amplicon preparation and sequencing controls, which were substantially lower than those of the WNV populations themselves, are presented in Tables 3 and 4 . The differences between WNV p1 and WNV p5 are consistent with our previous findings that the selective pressures of RNAi have a cumulative effect that is detectable only after viruses have experienced relatively long (14-day) exposure to RNAi (17) . As with any study employing RNAi-mediated knockdown, the potential for off-target effects must be considered (26, 27) ; however, because we used long dsRNA, we judge it unlikely that the observed results are attributable to off-target effects (28) . Another possible confounder is that suppression of RNAi may have affected other host factors that in turn influenced quasispecies diversity. For instance, it has recently been shown that the expression of Vago, a protein that suppresses WNV replication in mosquito cells, is dependent on Dcr2 binding to dsRNA (29, 30) . Interestingly, the same studies found that suppression of Ago2 did not affect the expression levels of Vago (29) . The fact that we observed significantly reduced quasispecies diversity in WNV passaged in both Dcr2-and Ago2-depleted cells supports the conclusion that the exo-siRNA pathway directly modulates the complexity of the viral mutant swarm.
We also predicted that stimulation of RNAi should increase quasispecies diversity. As predicted, we observed a significant increase in polymorphic sites in WNV populations from the cells treated with dsWNV (3 dpi, p1) compared to the control (P ϭ 0.0002) (Fig. 1A) . The Shannon-Wiener diversity and evenness of WNV from dsWNV-treated cells were also significantly greater than those of the control (Table 2) . These data support previous findings that targeting viral genomes with siRNAs can lead to the rapid emergence of escape mutants containing mutations within the complementary sequence (31, 32) .
Thus, the results of this study reveal for the first time, a mechanism by which the innate immune system directly influences quasispecies diversity of an RNA virus. In light of the controversy surrounding two recent papers that reported an antiviral effect of RNAi in undifferentiated mouse and hamster cells and suckling mice, it would be particularly interesting to monitor WNV quasispecies development in HEK-293 and Dicer-deficient HEK-293 cells to determine whether patterns in quasispecies diversification differed from those observed in the RNAi-intact and RNAi-depleted insect cells utilized in this study (33) (34) (35) (36) . 
